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Molecular dynamics simulations have been performed to investigate the structural, thermal and wetting properties of self-assembled monolayer
(SAM) of alkane thiol on gold surface. The speciﬁc heat capacity of the gold SAM surface was found to linearly increase with the temperature in
the range 100–300 K. It was found to drop down at 400 K and this decrease might be attributed to the disorder of the SAM chains. Hydration of
gold SAM surface for two different terminal groups, namely methyl (hydrophobic), and hydroxy (hydrophilic) was studied at room temperature.
The difference in their wetting behavior and the structure of their interfacial water were examined from the estimation of the z density proﬁle,
radial distribution function, hydrogen bonds and orientation of water dipoles in the interfacial region. The present simulation results suggest that
the wetting behavior of the gold SAM surface can be modiﬁed by altering the terminal functional group of the SAM chains.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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Gold has been the subject of investigation from the ancient
times for ornaments, coloring ceramics and medicines [1,2].
The functionalization of the gold surface by attaching various
ligands such as thiols, polymers or biomolecules (proteins,
DNA) prevents surface degradation and endows this advanced
composite material with versatile functions and utility. The
physicochemical properties of functionalized gold surface can
be tailored by varying the chain length, terminal functional
group and chemical composition of capping chains. The
molecular assemblies of SAM of thiol on the coinage metal
surfaces have potential applications in protective surface coat-
ings, surface chemistry, molecular electronics, lubricants,
nanolithography, sensors, bio-materials, medical implants and
pharmacology due to their ordered arrangement, controllable10.1016/j.pnsc.2014.06.009
14 Chinese Materials Research Society. Production and hosting by
ss: jmeenadevi@sastra.ac.in
nder responsibility of Chinese Materials Research Society.properties, bio-compatibility, stability, selectivity and sensibility
[3–18]. Alkane thiols form well-packed, stable and ordered
SAM on the gold surface due to the spontaneous formation of
strong gold sulfur bonds and the van der Waals interactions
between the adjacent thiol chains [19,20]. Alkane thiols on the
gold substrates are extensively studied mainly because of the
stability of gold metal against oxidation under ambient condi-
tions and the ease of preparation of gold ﬁlms [3,21].
The gold SAM surface has the combined properties and
beneﬁts of both the metallic gold and organic monolayer. The
elaborate study and research on gold SAM system will form
the base for the design and development of the advanced
tunable systems which can be possibly used for building
biological interface, sensor, bio-implant, molecular recognition
and diagnosis tool and targeted drug delivery system. This is
a bio-compatible material in which the electrical and optical
properties of metallic gold can be harnessed for sensing,
connectivity, transmission and display part of the device.
Moreover, gold has been used as a medicine from the ancientElsevier B.V. All rights reserved.
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potential use of gold nanoparticles to treat cancerous cells. The
organic monolayer can be utilized either for inducing chemical
binding or reaction with the bio-molecules in the selected
region. The detailed understanding of the dynamics, structure,
behavior and interaction of complex bio-molecules is believed
to be essential in the medical science and research. The gold
SAM system serves as a simpler model system for under-
standing the interactions of complex bio-molecules and for
studying the membrane properties of the cells. Hence an in-
depth study on the structural, thermal and wetting behavior of
the alkane thiol gold SAM surface at the molecular level is
essential for its widespread commercial use.
Molecular simulations are powerful tools to explore the structure
and dynamics of systems in atomic and molecular scales. In
literature, molecular dynamics simulations have been used to study
the structural, thermodynamic and mechanical properties of alkane
thiol SAM on the gold surface [22–36]. Even though, tremendous
progress has been achieved both on the experimental and
theoretical fronts in understanding the alkane thiol SAM on the
gold surface, there are still some challenging areas in this system
which need attention, investigation and understanding for the
development of applicable devices [37]. The issues of thermal
stability and chemical reactivity of this system in the ambient and
aqueous solution limit their technological applications [37].
The knowledge of a thermophysical property, such as the
speciﬁc heat capacity, is essential for electronic and technological
applications involving thermal stability, thermal loading, heat
generation, heat transfer, thermal energy storage, higher operating
temperature and cooling. The hydrophobic and hydrophilic surface
interactions with the aqueous solution play a major role in natural,
biological, chemical, industrial and engineered environments and in
earth and atmospheric sciences. The molecular phenomena such as
membrane formation, colloidal self-assembly, protein folding,
aggregation of proteins, binding of proteins to the surface,
biomolecular recognition and separation of organic mixtures
involve water mediated interactions. Hence the knowledge and
molecular level understanding of the interaction of the gold SAM
surface with water at the interface is essential from the application
and fundamental science perspective.
In the present work, the structural, thermal and wetting proper-
ties of the alkane thiol SAM on the gold surface are studied
employing molecular dynamics simulation. The hydration of the
gold SAM surface at the interface is explored for the hydrophobic
and hydrophilic terminal groups with the objective of examining
the difference in their wetting behavior and studying the structure
of their interfacial water. The outcome of this simulation study may
facilitate the development of composite materials with tunable
surface properties for biological and technological applications.
2. Simulation methodology
2.1. Molecular model
The initial conﬁguration of the gold SAM surface consists of
a two dimensional periodic cell of four atomic layers of gold with a
monolayer of alkane thiol chains. The chemical composition of theSAM chain is S-[CH2]12-X, where X is the terminal group, which
can be either methyl (hydrophobic) or hydroxy group (hydro-
philic). The united atom model is applied for methylene and
methyl groups. The alkane thiol chains are attached to the gold
atoms through the Au–S bond with the bond length 2.4 Å. The
Au–S–C bond angle is set to be 1001. The total number of gold
atoms and the SAM chains in this system are 1536 and 128,
respectively. The preferred crystal face for alkane thiol on the gold
substrate is the (111) direction. So the gold surface is created at the
Au(111) Miller plane which is a hexagonal layer with lattice
spacing 2.885 Å. The alkane thiol chains are set in trans
conﬁguration with their sulfur head group perpendicular to the
gold surface and attached in atop position. The sulfur atoms are
arranged in experimentally observed
ﬃﬃﬃ
3
p  ﬃﬃﬃ3p R301 structure
with the lattice constant 5 Å. This produces a packing density of
21.6 Å2/chain.
2.2. Force ﬁeld
The force ﬁeld parameters for gold SAM surface are taken
from the literature [22,27,38] and they are shown in Table 1.
The intra- and inter-molecular interactions between the gold
atoms and the alkane thiol chains are simulated using
CHARMM force ﬁeld in which the total interaction potential
energy function is given as in the following equation :
Utot ¼UbondþUangleþUtorsionþUvdwþUels ð1Þ
The ﬁrst three terms in Eq. (1) represent the bonded interac-
tions while the last two terms represent non-bonded interac-
tions. The functional form for the bonding stretching potential
is harmonic and it is given in the following equation:
Ubond ¼ 0:5Krðrr0Þ2 ð2Þ
The parameters Kr, r, and r0 represent bond stretching
constant, bond length and equilibrium bond length, respec-
tively. The functional form for the angle bending potential
energy is given in the following equation:
Uangle ¼ 0:5Kθðθθ0Þ2 ð3Þ
The parameters Kθ, θ, θ0 denote the angle bending constant,
bending angle and equilibrium bending angle, respectively. The
torsion energy represents the energy of rotation around a covalent
bond and its functional form is given in the following equation:
Utorsion ¼ a½ð1þ cos ððnφÞ–δÞ ð4Þ
The angle φ is the angle between the plane containing the ﬁrst
three atoms in the dihedral and the plane containing the last three
and δ denotes the phase shift. The multiplicity n is typically 1, 2,
or 3. The parameter ‘a’ represents the dihedral force constant. The
van der Waals energy and the electrostatic energy are calculated
with the standard 12-6 Lennard-Jones potential and the Coulombic
potential, respectively.
2.3. Computational details
All the molecular dynamics simulations were carried out with
NAMD2.7 package [39]. The built molecular systems were
Table 1 Force ﬁeld parameters.
Lennard-Jones potential
Atoms Rmin/2 (Å) ɛ (kcal/mol)
Au 1.6465 0.0390
S 1.9940 0.2500
C (CH2) 2.2055 0.0930
C (CH3) 2.2055 0.2266
O 1.6000 0.1591
H 0.8000 0.0498
Bond stretching
Bond r0 (Å) Kr (kcal/(mol/Å
2))
Au–S 2.40 1000
S–C 1.82 1000
C–C 1.54 900.58
C–O 1.42 200
O–H 0.96 225
Angle bending
Angle θ0 (1) Kθ (kcal/(mol/rad
2))
Au–S–C 100.0 124.28
S–C–C 114.0 124.28
C–C–C 114.0 124.28
C–C–O 111.0 22.5
C–O–H 109.5 17.5
Torsion
Dihedral a1 (kcal/mol) a2 (kcal/mol) a3 (kcal/mol)
Au–S–C–C 0 0 0
S–C–C–C 2.8239 0.5424 6.2941
C–C–C–C 2.8239 0.5424 6.2941
C–C–C–O 0 0 1.6000
C–C–O–H 0 0 0.5000
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water and under isobaric–isothermal (NPT) ensemble in the
presence of water. During hydration, in the initial conﬁguration,
a water box containing around 2000 water molecules was placed
on the top of the gold SAM surface. The TIP3 water model [40]
was used and pressure was held at a constant value of
1.013125 bar. The gold and sulfur atoms were kept ﬁxed with
respect to their lattice sites. Langevin dynamics was used with a
damping coefﬁcient of 5/ps for temperature control. Two dimen-
sional periodic boundary conditions were imposed. The particle
mesh Ewald method was employed for long-range electrostatics.
A time step of 1 fs was used for integrating equations of motion
and all the systems were run for 10 ns. All the analysis were done
for the production period of last 2 ns.
3. Results and discussion
3.1. Structure and speciﬁc heat capacity
Molecular dynamics simulations of the methyl terminated
alkane thiol SAM on the gold (111) surface without waterwere carried out under canonical ensemble for a period of
10 ns at four different temperatures 100, 200, 300 and 400 K.
A snapshot of the methyl terminated gold SAM surface at
room temperature, at the end of the simulation is displayed in
Fig. 1. The ordered packing and the structure of monolayer of
alkane thiol chains on the gold (111) surface can be seen in
Fig. 1. The orientation of the SAM chains on the gold surface
can be determined from the tilt angle. The tilt angle is deﬁned
as the angle between the surface normal and the vector linking
head group and the terminal group of a SAM chain. The
average tilt angle computed from the present simulation is 261
at room temperature and this is closer to the experimental
value of around 301 reported in the literature [20]. The error
involved in the calculation of tilt angle is 721. The organic
monolayer adopts the conformation that maximizes the van der
Waals interactions between the neighboring chains and mini-
mizes the overall surface energy and this induces the tilting of
the SAM chains. The tilt angle of the SAM chains
as a function of temperature is shown in Fig. 2. The tilt
angle of the SAM chains has decreased slowly with tempera-
ture from 100 to 300 K and then rapidly dropped down at
Fig. 1. A fragment of the representative snapshot of the methyl terminated
gold SAM surface at room temperature. The gold atoms (green) are given in
van der Waals representation. The SAM chains (pink) are given in Licorice
representation.
Fig. 2. The average tilt angle of the SAM chains as a function of temperature.
Fig. 3. The average speciﬁc heat capacity of the gold SAM surface as
a function of temperature.
Fig. 4. A fragment of the representative snapshot of the hydroxy terminated
gold SAM surface with water. The gold atoms (green) are given in van der
Waals representation. The SAM chains (pink) and water molecules (blue) are
given in Licorice representation.
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reported in the literature [26,41]. The lower tilt angle at 400 K
reﬂects the loss of an orientational order of the SAM
chains.
The thermodynamic property, speciﬁc heat capacity is
sensitive to the order of the system. The speciﬁc heat capacity
(Cv) of the methyl terminated gold SAM surface is calculated
from the mean square ﬂuctuations of the energy.
Cv ¼
E2
  E2 
KBT2
ð5Þ
The speciﬁc heat capacity of the gold SAM surface is shown in
Fig. 3 as a function of temperature. The error involved in the
calculation of speciﬁc heat capacity is 73 J/kg/K. The
speciﬁc heat capacity of the gold SAM surface has increased
with temperature in the temperature region 100–300 K, and
dropped down at 400 K. This change in the variation of the
speciﬁc heat capacity of alkane thiol SAM on the gold surface
with temperature is in reasonable agreement with the experi-
mental results [42]. Zhang et al. [42] have reported the melting
transition temperature of the alkane thiol SAM on the gold
surface from the observed change in the speciﬁc heat capacity
value measured using calorimetry. The increase in the speciﬁc
heat capacity in the temperature region 100–300 K may be
attributed to the ordered, tilted conformation of the SAM
chains. The decrease in the speciﬁc heat capacity of the gold
SAM surface at 400 K may be due to the disorder in the
conformation of alkane thiol monolayer.3.2. Hydration
In this section, the difference in the wetting behavior and the
structure of the interfacial water of the hydrophobic and
hydrophilic groups terminated gold SAM surface are analyzed
and discussed. Molecular dynamics simulations of the two
gold SAM systems with water were carried out for a period
of 10 ns at 300 K. The ﬁrst system has methyl terminated
SAM chains and the second one has hydroxy terminated SAM
chains. A snapshot of the hydroxy terminated gold SAM
surface with water, at the end of the simulation is displayed in
Fig. 4. The location and the depth of penetration of water
inside the SAM surface can be seen from the z density proﬁle
of water in Fig. 5a and b for the methyl and hydroxy terminal
groups, respectively. In Fig. 5a and b, for the sake of visual
clarity, the z density proﬁle of the SAM surface starting from
the ﬁfth methylene atom is given. The surface chemistry of the
gold SAM system has affected the vicinal water. The quantity
of water lying inside the hydrophilic SAM surface is high,
when compared to that of the hydrophobic surface, due to the
attractive hydrophilic interaction between the hydroxy terminal
groups and the water molecules.
This can be further inferred from the calculation of the total
number of water molecules lying within 3 Å of the terminal
group of the SAM chains (Fig. 6). In the case of the
hydrophilic SAM surface, the average number of water
Fig. 5. (a) The z density proﬁle of water in the case of methyl terminated gold
SAM surface. (b) The z density proﬁle of water in the case of hydroxy
terminated gold SAM surface.
Fig. 6. The total number of water molecules near the terminal group of the
SAM chains.
Fig. 7. The radial distribution function between the terminal group of the SAM
chains and the oxygen atom of the water molecules.
Fig. 8. The total number of hydrogen bonds between the terminal group of the
SAM chains and the water molecules.
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the case of the hydrophobic surface, the average number of
water molecules in the interfacial region is around 8. This
shows that the wetting behavior of the gold SAM surface can
be controlled by just changing the terminal functional group of
the SAM chains appropriately. The distribution of the water
molecules near the terminal group can be analyzed from the
radial distribution function between the terminal group of theSAM chains and the water oxygen atoms shown in Fig. 7. The
difference in the location of the ﬁrst hydration shell of
hydrophilic and hydrophobic SAM surface can be evidenced
from Fig. 7. In the case of the hydroxy terminal group, the ﬁrst
hydration shell lies within 3 Å. This makes it easier for water
molecules to approach the hydrophilic SAM surface closer and
render a strong interaction between them. In the case of the
methyl terminal group, the ﬁrst hydration shell lies within 5 Å,
as the methyl groups do not allow the oxygen atoms of water
molecules closer to them.
The hydrogen bond structure of the interfacial water is
essential for developing the biological interface. The difference
in the hydrogen bonding network of the interfacial water can
be brought out by the calculation of number of hydrogen
bonds between the terminal group and the water molecules.
The criterion chosen for the hydrogen bond calculation is the
cut off angle of 301 for the Donor–Hydrogen–Acceptor angle
and the cut off distance of 3.6 Å for the Donor–Acceptor
distance. The total number of hydrogen bonds between the
terminal group of the SAM chains and the water molecules is
presented in Fig. 8. The average total number of hydrogen
bonds between the hydroxy terminal groups and the water
molecules is 60, whereas there is no hydrogen bond formation
Fig. 9. The orientation of water dipole vectors in the interfacial region.
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So in the vicinal water of the hydrophilic SAM surface, there
are inter-molecular hydrogen bonds in addition to the intra-
molecular hydrogen bonds between the water molecules. This
difference retains a larger number of water molecules for a
longer period near the hydrophilic SAM surface when com-
pared to the hydrophobic SAM surface. This also suggests that
the hydrogen bonded interactions between the gold SAM
surface and any required target or guest molecules can be
controlled by altering the terminal functional group of the
SAM chains.
The ordering and orientation of the water molecules closer
to the terminal group of the SAM chains can be evaluated from
the water dipole angles computed and averaged over the last
2 ns and their distribution is shown in Fig. 9. The water dipole
angle is deﬁned as the angle between water dipole vector and
the vector connecting the oxygen atom of water molecule and
the surface normal. The preferential orientation of water
molecules in the interfacial region can be evidenced from the
single peaks in Fig. 9. In the case of the methyl terminated
gold SAM surface, a single smooth broad peak with a center at
901 is observed. The interaction between the water molecules
and the hydrophobic SAM surface is minimized by this
preferential orientation of water molecules. In the case of the
hydroxy terminated gold SAM surface, the most preferential
value obtained is 401. This indicates the biased orientation of
water molecules towards hydrophilic terminal groups and their
hydrogen bond interactions with them. Similar results have
been reported from the simulation studies in earlier studies
[43,44]. Thus both the hydrophobic and hydrophilic gold SAM
surfaces have induced a large reorientation of water molecules
at the interface. This effect may play a role in the orientation of
biomolecules bound to the SAM surface [34].
This work can be further improved by increasing the length
of the hydrophilic terminal segment and by trying with
different terminal chemical functional groups as well as by
varying the density of the SAM chains. For the extended future
studies of this material, chemical composition of SAM can be
varied and tried with other organic molecules like aromatic
thiols, heterocyclic carbenes and biomolecules like DNA to
improve their performance. These systems can be allowed tointeract with either different proteins, nanoclusters, solvents or
other speciﬁc target molecule under different temperature,
pressure and pH values to explore and understand their
versatile functions.
4. Conclusion
In this work, the structural, thermal and wetting properties of
the alkane thiol SAM on the gold (111) surface investigated by
the molecular dynamics simulation technique were presented.
The temperature variation of the speciﬁc heat capacity of the
gold SAM surface was found to be linear in the range 100–
300 K. It was found to drop down at 400 K, and this decrease
in the speciﬁc heat capacity might be attributed to the loss of
an orientational order of the SAM chains. The interactions of
the hydrophobic and hydrophilic SAM surfaces with water and
the structure of their interfacial water were evaluated from the
z density proﬁle, radial distribution function, hydrogen bonds
and orientation of water dipoles. There was remarkable
difference in the interaction between gold SAM surface and
water for the two different terminal functional groups namely
methyl and hydroxy. This simulation study suggests that the
wetting behavior of the gold SAM surface can be modiﬁed by
altering the chemical functionality of the terminal group of the
SAM chains. This method of modiﬁcation for the wetting
behavior of the gold SAM surface in a predictable way and the
study of their interfacial water at the molecular level may aid
biological and technological applications.
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